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STSTEM AND METHOD FOR 
POWES-EZFICIEJNT CHANGING 
I DISCHARGING OF A CAPACITIVE 
FKOM A SINGLE SOURCE 



BACKGROUND OF THE [NVE^f^ON 

1. Raid of the InvtmnoQ 

Tnc prTi3C3t iuvcatioa rdatcs to electronic circuiis and 
sysccsM. Merc spccificnily, the pracnc invcndon relates to lo 
power dijsipadon in dcaxonic circuits acd systcnu. 

2. Dcscriprion of i±c Rdaicd Art 

Power dissigaricn of electronic circuitry is an irapamnt 
design ccnaidcranon for many applicarions. Power diiaipa- 
lion providcxs a measure of the cSdcacy of tfac systcin. The 
cfficicacy of tfac system Impacts the cLisign of the power 
supply for the systcTH. Thai is, low eScicncy leads £a higher 
cast:; due to the wttstc of energy and the need for larger 
power supplies. 

For baitcry powered systems, power disaiparion limits ^ 
barrcry life. This EcxutssitaKs larger baxtEdes which 
incrzasca the cost, and weight of tfac system while Kstitiag 
the applicabiliQf thcrcaf. As an example, consider cctronary 
paccrnakcrs where power dusisatiQn is a critical concern 
due to ths. difficmltiy of accessLag the baitcry ftir rcplaccracnt ^ 
and the cost and incaQvenicacs associated with the aae of 
larger baitsriea. 

La addition, the dLssipated energy is released ia the fiarm 
of heal. Accordingly, systems which exhibit considcahlc jq 
power dissipation often, require measures such as heat sinks 
tn pmtcc: or coal system cocnponenTa from Ihc heat created 
by tfac circait. The tise of heat sinks and the hkc adds to the 
cost, size and wcighi of Che system and thereby Hn-"" the 
ndJicy of same ' 

For the CM05 (cnnipiemcntary-incial-oxidc scmscon- 
ducinr) based system, tisod widdy in the design of cnmput- 
crs, digital logic circaits and the like, catjainave cffcecs are 
primarily rcsponstfaie for tfac dissipation of po-wc Siictl 
capacixivc cfFcca arise due to juncaon capacitances within « 
sesiicandtiCTXa- di'/icsa, iatirlcad. caaaeitances between lines 
cooneciag the ciimit ro cxreraal devices and the capad- 
tancs of a load. 

In accordance with conventional teachings, power dissi- 
pation is dlrecdy related Co the operating fexjucairy (f), the *S 
cOTafritance (Q and The square of the valtage CV^) applied to _ 
the capacdtivT: eleincnt. 

In addition to the diminaiion of unncccasaiy rt^z^ri^ary^x 
and the induction of the swicchiiig fczqacxy to the lowest 
value that supports the fundtonal spodficaticm of the drsaai, ^ 
most prior approaches la the profalem have focnsed on 
reducing the voltaic applied to tfac capacirivc elements. 
However, in addition to ctatly intctfaciag issaes, attanpts to 
lower the vokagc of digital processors and the like have been 
limited by the faci thai the trend is to higher proc=s<nng 53 
speeds which cannot be attained at arfaittaiily low opcraxing 
voltagci. ~ 

Thus, thcie ia an ongoing need Ln the art for a systcin and 
technique for mrnimiTing the power dissipated by a digital 
system. 

SUMMARY OF THE INVENTION 

The need in the art is addnsMcd by tfac prtacnt invention 
which, in a most general sense, pn5vid« a. systcju and S3 
method for efBdcntty chat^g and discharging a capadtiYC 
load firoci a siagle voltage sonrce. The inventive system 
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includca a first swiccii for sciectivciy cciuiecting the voltage 
source to the load and a accoad switch for sciccdvdy 
providing u. abort acrtjjs tfac load as rruay be common in Che 
:m. A panicuiurly aovci aspect of the iavcntion rctidcs in the 
5 provtaion of plural capaciavc elca:c:t3 and a switching 
mcchaniara for jclecavcly connecting each of the capacitiYc 
cicrncnca to the load, whcrtiry the load is gradually charged 
or discharged- 

In the fllusctanve ernbadimcat, the switching mechanistn 
' iO inciudca a act of switches for aciceuvdy connecting each of 
the capacitivc elcmcats to the capacidvc load and a swiicb 
concrol mschanisra for sclccdvciy acdvadng' the switches. 



li BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified rcpreacnmion of a conveniional 
driver for a capacidvie load. 

FIG. 2 shows a sysmm for charging the load capacitance 
-Q " by several steps and thereby reducing power cfiasipanctn. 

FIG. 3 ia a simplified schcraadc of a preferred embodi- 
ment of the circuit of the present invcnrian for reducing tfac 
power diasiparLoa of a capacitivc load. 

HG. 4 is a diagram showing the controi circuit of the 
22 driver cansirucied in accordance with the teachings of the 
pxeacnr iavcntion. 

HG. 5 i3 a circdng diagram which, illoscrajuis the occraiion 
of the driver of the ptEsent isvenroa 

30 

DESCFIFnON OF THE l^.'VE^^nON 

HJuatrativc ctnbodicaenis and excmpiary acplicaiicns wiU 
now be described with reference Co the accompanying 

33 drawings to disclose the advanCagcoia teachings of the 
ptEacnt invention, 

"While the present iavendan is descrfoed hcxcia' with 
rsfcreacs to illuscraiivc emfaodimcais for panicular appUca- 
cioos. It should be uzdsrztcod what the invcntioi: is not 

-10 Hnrifcd thcrsto. Those having ccriinary aldU in the art and 
access to the teachings provided hereia wiU recognize 
addidonal modiiicaticns, apnlicadoas, and etnfaodiiiseals 
within the scope thereof. 

Moat of the power dissipsttioa in digital CMOS dicrdts is 

*S due to repealed daarging and dischargiaag of capaddve loads 
indndiag those imcnjal to the ciicait and tiliose ass o ria t rd 
with the otttptit rignais. 

FIG. 1 is a ^np^'^*"^ rcprescaiarion of « coavcndoaal 
driver for a capacidvc lead. The load Cj, reptcacats the 
capacitance of a load and the interiead capacitance of Ihe 
lines catmecdng the driver 10* to the load 12', The load 12" . 
is charged ta the aupply voltage V by connecting the load 12" 
tn the power tail via a fiist switch 14'. In practice, the switch 
14" may be a caetal-oxirie seauccmdiictor field-effect tian- 

^ sistcir (MOStJ=.i3 which has a nomitcd "on" resistance. 
Whea the switch 14' ia dosed, a diargc CY passes through 
the resistance of the switch W. The voltage diBp across the 
rcsiatanoe varies from an initial value of V to a final value 
of zero, 30 the average valcagc drop V traversed by the 

*° charge is V/Z, if the capacitance is linear. Ihe energy 
dissipated ia: 

iS A similar argument applies to the discharge process, ta a ■ 
complete caavcntiocSi charge-dlscharjc cycle dissipates all 
the eocTKy provided by the power supply, QV>-CV*. 
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[n accardancs with the present teachings, power dissipa- 
rion is reduced by charsiag die capacitance of the toad in 
several atcpa. This is illustrated in FIG. 2. 

FlC. 2 ahows a system 10 for cfaargiag the load apaci- 
Lancc by scvcroJ iccps and thereby rcdiidng power dissipa- s 
tioa. iicre, a banJc of supply vokagca to V^v arc used to 
charge ihc load \2. The voltages of the supplies arc evenly 
diatribuxcd bc:wccn ground and so rhnr the voltage 
diSenzncc between iny cwo adfaceac siippiies is the same. 
Each of the voltages is aelecaveiy acpiied to the load 12 by 
N switches 'mciticxng the first svdccii 14 and N— I additionaJ 
switches, 'Berwe^ charge cyclca, s-cvitch 0 is closed. To 
charge th"^ ioad, 3-\vitch 0 ia opened and the supplie.-! Vy 
through V.v arc catrcactad to the load in aucccsaion by 
selectively closing the switches, that is. hy momentarily 
ciGsing -switch. 1, apsnicg switch 1, morncacarily dosing 
switch 2 etc. To discharge the load, the supplies V_^j 
through V , are sv^iidsed in La rsvcsse order. Then sv«ifch 0 
is closed coanccting tfar output to grautad. 

If N sicps are tiscd, the dissipaiiQn per step is agaia ^vcn 
by the transferred charge and the average voitagc drop 
acrcss the sNwitch resistance: 

To charge the capacitance all the way to the supply yollage 25 
V. N steps are used, so the total energy dissinanoa is: 



= crr2N 

Again, a full chaise-diachaT^ cycle will oma Iwics the 
dissipadon of the charging only. Thus, accsttiing ta this 35 
simpliiSed analysis, chargiag by scvaai steps reduces the 
ciicrgy diwipadcn per chaige-dl^haxg e cycle and theefay 
the total power diasipauon, by a facfflr of N- 

Tec multiple supply voltages of HG. 2 ciay be generated 
with a battery stacJc. For eqalptocnt not powered by hattttcLcs 40 
or whca the desired voltage inrrgggat is sot a saiddple of 
the battery cell voltage,, a power supply unic would seem- 
ingly have to generate these muidple supply voltages with 
an associaCed coat in expense, coaiplexity and power dissi- 
padon, 45 

FIG, 3 is a simplified schcaaadc of a prefcrrod cmbodl- 
tiieiii of the citeitit. of ifac present invention for reductjtg the 
power dissipation, of a~capacitive load. The cacruit 100 is 
cssealially identical to that of HG. 2 with the exceptioa that 
the supplies Vi-V^j are icpliiced with a, corresponding so 
number of capacitan Cj- 18 which wiH be i c f c ued to as .,^,„. 
"tank" capacitors. Each tank ca^racitor has a capadtance 
which is much, much larger (eg. an order of magnitude) 
than the load capacitance C^. Switch opcradons ace 
sequenced by a control circuit 20. 35 

FTG. 4 is a diagram showing the control dxtaiit 20 
{ntcrconncctcd ta phtral MOSFET awiichcs for an N— 6 
lEnplementatina of the driver conscuctcd in accotdaxice with 
the teachings of the present invendoa. lit FIG. 4, the tank 
capacitonj 18 arc eliminated for sirnpliciiy. The coatral so 
signals may be provided by the cinaiitlQ or may be supplied 
by a tost microprocesaoc The control circuii 20 may be 
implemented in several canSguratiotu. For example, the 
coiuiqI circuit may be implemented with a mLaoproccssor 
or with a shift register and a counter. In the .altcmarivc, a tSS 
latch 22 and input and output logic dnaiitr 24 and 26, 
irspecdvcly, may be used as shown in FIG. 4. The input and 
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output logic circuits may be designed by a computer aided 
logic design pragr^m of wtiicii several arc oinuntly avail- 
abic. If a compuLcr aided logic design pnjgram is uacd. the 
desired ourculs would be specified in rcaponae to the 
5 c:^pecti:d input atgtLils. The prngnca would then design the 
logic circuits. 

■nming signals arc provided by a system cioci: (net 
shewn) thraugh the latch 22. In ptacdcc, the clock rate 
.-jxauld. be at li^it fN+-l) times the output signal rate Tnthc 
prrcfcrrcd crnbodimcnt, switches Q — < arc irnpicmtmicd with 
n-channci MOSFET dc'/icca. Switches 5 and 6 arc traplc- 
uiczOJtd with p-chxmnci devices, 

FIG. 5 is a timing diagram which illustrates the opetation 
of the driver 100 of the present invention. In HG. S(a), the 
clock poises are ahawn. The input signal is shawn in FIG. 
5(b). FICS. £(c>-(i) show the cactrola ftjr 3v.iich 0-5 and 
F[C. S(J) shows the ouqjut at the load Cj.. 

The apcraiion of the droiits of FIGS. 3 and 4 is essen- 
tially the same as thnt of HG. 2. That is, ia tttc initial standby 
cacdition switch 0 ia closed and there Is ao ciiar^c aa any of 
the capacitors in the system. Noti, when an. inpat pulse is to 
be transferred la thi; load, switch Q is opened and swiffih. 1 
is closed. Since there is no charge on the load, nor on any 
of !ha tank capacitors C^y there will be no charge transfer 
through any of the switches aa each ia dosed, hi Dsm, 
momentarily. SVhen the first swirch 14 is closed, a cHargc is 
applied to the load 12. 

On the trailing edge of incnr ptiLsc, a discharge cycle ia 
•rrin-jr.-yi fcy when the s-wixhea am mDraentmily dogcd in 
reverse order. Thtis, switch N is opened and aviich N~l is 
closed. Then switch N— 1 is opened amd switch N-2 is closed 
and etc. Ou the closure of switch N-I, the associated tank, 
cnpacit nr wiU neceivc mo at ax the charge on the load 
croacitance. Each canacitcr dcwn the line will rtceiYe a 
lower chnigi; than the imnaediaudy proccedins capacitoc 
After switch 1 opcrta, switch 0 closes to complete the cydc " 
damping the icmaining charge on the load to ground. 
Thus, over several cycles the tank capacitarj will approach 
their steady state voltages, for esaiaple, the (N— 1) ththroagh. 
1st tank capanitois may have charges of say 5, 4, 3, 2 and 1 
■ volts respectively. Then, at the "beginning of the nest cycle, 
<m the cJcsnrc of the &r3£ switch, the voltage on the anr tank 
capacitor is applied to 'the load, then the voltage on the 
sci^njd cnp nf - tc r is anpiicxi to the load and so on. Thas, in 
th£ example, £nc 1 voit Is applied to the load, then 2 volts, 
then three volts and etc As a icsolt. the voltage on the load ' 
will sraduaUy increase as shown in HG. 5(J). 

The drcuits of FIG. 3 and 4 will provide the same power 
dissipation reduction as that of HG. 2, bar without tnuMply 
supply lines and withoot corcmlicaQng the power sopply. 
This is Qlustraied by the following analysis. Assume that _ 
each tank capacitor Cj. is charged to tise voltage of the 
coxrcsponding supply of FIG. 2, and thai ihe load capaci- 
tance is discharged. The loxid capacitance is charged by 
closing and opening switches 1 through N in sncccssicm. 
Each tank capacitor (and the power supply) delivers a charge 
given, by: 

60 Since the tatik capacatora are much larger than the load, the 
tack voltages do not change significantly, so the cKssiparion 
in the switches will be the same as for the case in ITG. 2, 
where the «apply voltages arc constant. To discharge the 
load capacitance, switches N— 1 through 0 arc closed and 

4S opened in succession. During the discharge, each tank 
capacitor receives a charge of the same size aa thai delivered' 
during charge phase, and an equally sized charge is dumped 
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ro ground via awimh (3, Qver the full charge-discharge cycle, 
cnly the power supply tnjccta any charge into the ciiruiL No 
net charge b drasvn troza any tank capacdtor. aa the Cmk 
voLtogca do not change. 

Toe voUagca of the tjni capaciror bank arc sdf-stahiliz- 5 
lag. To appreciate this, auuiQc tha: the volragc of one of Ihc 
took capackons is aJighdy higher than it ahouid be. Then, the 
charge dciivcrrsi by this umk capacitor during the charging 
of the load will be sotccwhajt larger than thax ^nea by 
cquariort I'i], since the "step" Xram the voltage below is now IQ 
sligMy larger. During the disciiargc phase, the step torn the 
voltage above is slighdy amallcr and the charge received is 
therefore smaller as well. Therefore, over the full cycle, a net 
decrease of the charge aa the storage capacitcn- occurs, 
which ciuaea a dccrcaae in the capacitor voltage. The initial 15 
deviance is autcmadcally conateracied. 

Even if the tank copadlor voItJigcs dLffrr &om the "cor- 
rect" values, the circiat will work logically cacrscdy, i'mcs 
each charging (diicharsing) cycle ends by cannccdug the 
load ta ha supply niii Cgrawid). Voltage deviations siiuply 20 
bring higher dissipaucn. This happens during stan-up, 
before the tank voltages have had dxcc to converge ta the 
cvT=3 disndfaudon bc^^ve^a thr supply valtagc and ground. 

Tic impicmcaianQn cost of a.&iYcr such as that shown in 
FIG- 3 is deiermincd by the tank capactara, the switches, the 23 
mechanism carUSDlliag the switches, and the imcrcannec- 
tiom of same. Note that oU extra iotercouneciions arc locaL 
As for the cottYcadansd. case, ooly one cotn:cction to the 
power napply is nccdid. Also, scvisal drivcTS may share the 
same capacitor bank and parr of the control machaidsni. 30 

The proble^i of CE.vlarajm.ng the appropriate voltages on 
the f^riV capajdcors is obviated by the fact tha£ the rap^ritrir 
voteiges vul ccavergr: auto readers ily to the desired vcitiges. 
_ No addttiooal circidcy is rsquired. Cnly one supply line 
tnust be nmtcd to the chip and the power nrpply need not be 35 
any mora complicated than a coaventicnal supply. In ptad- 
ticr, the tank capacitaxs would be located off-cfaip. 

For a CMOS implernenc-mcm, the foilowing design prrn 
csduic may he followed to provide a driver ccdSgiiratfon 
which exhihics m f n imal power dissipan'cn. AO 

Equation P] indicates that dissiparion. decreases mano- 
toiricany with mcxeasing N. The. nnmber N cnnnat. bowever. 
be usefully made aibiiratiiy large becanse each siep laqnnrs 
that 3. switch be tansed on and off, which itself caijsea 
dissipatian. Also, the energy used to drive each switch 45 
depends on the width of the device whici: should be juat 
enough lo »Ilow the charging to coinplcte before the nrxt 
step commences, Xbos, far a given total allowable charging 
time T", there is an optimal number of steps and a ad of 
optimal device sizes which lead to minimal total dissipanon 30 
determined as follows. 

Again, consider the ciront in FIG. 3 and assume the gates 

of the switch devices ate driven cotrvcntionally. The load is 
charged and discharged, once; the energy needed to drive the 
gates of the switch devices is: 55 




Allot each step ooe Ntfa of the total charging time T Then: 

Here, m is the nambcr of RC time constana spent waltijig 
for cajch charging step ta coTOpIcte. From cqoadon [6], it is 
evident thai all the switch devices should have equal oa- 
tcsistancc: JRpR.^ Docrcaatag the on-resfstanca of device i 
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by increasing the width cBcaus bcrcasing ttc gate capaci- 
tance: 

>f,'Cr=P, (71 

p, 13 a quality measuxa of the svritch. It varies with i, sinca 
the buii-lo-chaamei and gnic-to-ciiaimcl voltages are differ- 
eat for diffcicnt switches. Combsmng equaiions [5], (SJ, and 
[7] yields: 



jucinj p, a -weighted average of p, for the different 



If N is suIEdendy large p ia dose to the anwcighed average 
of p aY<ir the mrire Toitagc range Catniainiag cqiiariona [3], 
[8] nnd [9] yields the following ccprcssion for tiie total 
energy dissipation: 



The nnmher N thai Tnim'mTrc-^ Ej^ is given by: 



The ccixiaponding easrs' diasipatioa is: 



It rcjcaios to select tte vahie for m. If it ia dwsea too staaH, 
*3 there will sdH be a aignificaat voltage acrtas a switch when 
the ncsr s-wiiiStia to close. Ecacs, there ia a« iocrcaac in the 
average volXage across eaclt rwiicis and therefore a dissipa- 
tioa jncrease (the first term ia. eqaation is changed 
aiightly). If on the other hand, m is chosen imnccessarny 
■45 large, time ia wasted that cotild have beca used ta increase 
the number "of steps, Thua, ia genccal, optiinizaiion loefhads 
fbc the valnc of m vary accarding to the ^plication, how- 
ever, one skEIIcd in the art will be able to select a ii xi tab ic 
vahic foe la using conventional baKhings (fi-z^ a, simidalion. 
30 prograua). 

By using the nmniscr of stages given by eqnatxaa [101, the .. 
dfisignci* cacn I' l ^iiin ^ '^^- the power ^j^^p ?^*^. of t£i6 dzivec. 
The tmmmnffl ix rather shaOow, however, sa a. lower N (as 
would most often be dictated by practical coaaidexatiass} 

S3 win still give a consideraiilc improvement over thfi eonven.- 
tional case; >f=2 already givca almost 5036t trdu'ctian. Once 
N and m have been selected, the on-rcaistance of catch switch 
ia given by equadon [6]. The cortcapooding jatc capaci- 
tance, and thereby ibc width of the device, is jjiven by 

60 cquarion (7]. The values of p for ai certain po c rts can be 
fonnd by circuit sixnulaiion or by njcasuring the on-resis- 
tances of test devices of known widths, 

Tbns. the present investioo has been described beretn 
with nsference to a particular eabatfitnent for i, particular 

a application. Those having ocdlnary skill In the act auid access 
to the pteaein teachings will leoogsize adtfitional tnoHifisa- 
tioos appiicatioas and embodiments within the scope 



